A new direct joining method for dissimilar materials between a metal and a plastic by using friction stir heating technique is introduced. A5052 and polyethylene terephthalate (PET) were used as materials used in this study. The joining strength was evaluated under tensile shear loading condition. The fracture surface and the cross section of the joined specimens were observed in order to understand characteristics of the joints. The results show that A5052 and PET were successfully welded by the present joining method. Similar strength of the joints was obtained regardless of the joining conditions. Melting and softening behaviors of PET and formation of bubbles observed in welded area might affect the joining strength.
Introduction
The application of light metals such as aluminum or magnesium alloy in automotive parts is very effective for the weight reduction purposes. In addition, efficient fuel consumption can be benefit from the reduction of the weight. Besides that, plastic has been used in the automotive parts due to good physical properties such as excellent corrosion resistance, durability, insulation and lightweight. The both dissimilar materials are suitable to be coupled in the production of automotive parts. Unfortunately the combination of metals and plastics in the products assembly makes them difficult to join together due to unlike material properties. Mechanical fastening or adhesive has been mainly applied to join between a metal and a plastic. However these techniques have limitations, for example it is difficult to join a product with intricate shape, longer assembly time, and required much consumable. Moreover, the use of screws or rivets may increase weight of engineering products. Hence an appropriate joining technique should be proposed to improve quality, assembly time and reliability of the dissimilar materials joint. Some research works on dissimilar materials direct joining between a metal and a plastic have been reported (1) - (4) . In basically, necessary joining process is summarized as two processes, (1) softening or melting plastic and (2) pushing them on to the metal surface. In case of heat energy applies separately by using a heat source, another apparatus or jig is needed to apply the mechanical pushing force to the interface. On the other hand, it could be interesting and effective if those two processes are realized in the same time during the joining process. Friction stir welding (FSW) is a solid state joining process. The joining process does not involve any use of filler material, shielding gas or solvents (5) . Moreover, this joining technique can be applied to various types of joint like butt joints, lap joints, T butt joints and fillet joint (6) .
During FSW process in lap joint, heat energy is generated and pressure is applied to the interface in the same time.
In the present study, dissimilar materials joining between aluminum alloy (A5052) and polyethylene terephthalate (PET) using friction stir heating technique was studied. Effects of joining parameters, such as plunge depth and plunge speed on the strength and joining mechanism are discussed.
Experimental Procedure
The materials used were A5052 aluminum alloy and polyethylene terephthalate (PET) sheets with thickness of 3 mm. A5052 as rolled plate was used and its surface roughness was R a =0.31µm. Surfaces of the materials used were cleaned by using acetone for A5052 and ethanol for PET before the joining test. Physical and mechanical properties of A5052 and PET are shown in Table 1 . Rectangular specimens with size of 40 mm×100 mm were prepared for the joining experiment. The welding process in the present study is schematically shown in Fig. 1 . In this study, the lap joint was produced. The A5052 sheet was placed on the top of the PET sheet. The rotating tool consists of a shoulder with φ 8 mm in diameter and a small conical center probe. In the process, a rotating tool partially penetrates Holding time at the plunge depth, s 2 Table 2Welding parameters applied in the present study. from the top surface of A5052 until a certain plunge depth. Then a tool kept rotating at the depth for the holding time. Finally, a tool was taken out from an aluminum alloy sheet. In the joining experiment, rotating speed, plunge speed, plunge depth and holding time were controlled as presented in Table 2 . In order to evaluate the joining strength, tensile shear test was carried out with loading rate of 0.5 mm/min under displacement control. The geometry and dimensions of the shear tensile specimen is illustrated in Fig. 2 . Supporting plates with thickness of 3 mm were attached at both gripping parts of the joint to adjust offset of the loading center line in the tensile shear test. Distance between clamping jigs was 100mm.
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Result and discussion
An example of observation of welded region is shown in Fig. 3 . A circle in the figure shows area of molten or softened PET and is defined as welded area in the present study. At the center of welded area, formation of bubbles is observed. An example of cross-sectional views of the joint is shown in Fig. 4 . According to the figure, A5052 deformed and bubbles were formed near the region pushed by the tool in PET side. In this region, molten or softened PET was tightly attached to A5052 as shown in enlarged pictures of the cross section in bottom of Fig.4 . It is believed that PET might melt during the joining process and heat generated at the interface might be high enough to induce bubbles formation in the PET. Welded area was measured by observation of the interface from PET side since its transparency, where the welded area is defined as an area of molten or softened PET (shown as a circle in Fig.3 ). Effect of plunge speed on the welded area is shown in Fig. 5 . In case of lower plunge speed conditions (5 and 10 mm/min), the result shows that the welded area decreased with increasing plunge speed for both cases of plunge depth, D p = 0.4 and 0.7mm. In comparison of the welded area between plunge depth D p = 0.4 and 0.7 mm, the welded area obtained with deeper plunge depth was larger than that obtained with shallower plunge depth. In the present study, heat generated during the joining process was spent to softening and melting of PET, then they were pushed on to the metal surface. There are three possible heat sources produced in the process that are friction work between a tool and top surface of the specimen, friction work at the interface of top and bottom specimen, and plastic deformation of the material (7) . In case of deeper plunge depth condition, large heat energy can be generated during the plunging process, because the total time for the plunging process is longer. Then larger welded area was obtained with deeper plunge depth condition.
On the other hand, since heat generation for a unit plunge depth is considered as the same under the same plunge speed condition, decreasing rate of the welded area due to increasing plunge speed (shown as a broken line in Fig.5 ) is almost the same regardless of the difference in total plunge depth, D p . It is also speculated that slower plunge speed induced more heat generation at the joined interface due to ample time for the tool to rotating in the material thus prolonged heat generation. Mokhtar Awang and Victor H. Mucino have elaborated the effect of plunge speed on energy generation during FSSW (Friction Stir Spot Welding) process. They reported that the frictional dissipation energy in 5 mm/s plunge speed reduces 29% from the frictional dissipation heat in 1 mm/s plunge speed. Similarly when they increased the plunge speed into 10 mm/s the heat generated was decreased by 14% (7) . In the . The generated heat during the plunging process was small in condition of higher plunge speed, because less time for the plunging. The heat energy could not be enough to heat for large area of the interface. Then only PET in relatively small area under the tool could be possible to softening and melting, and the area was pushed on to the metal surface to form the welded area. Effect of plunge speed on tensile shear failure load of the joint is shown in Fig. 6 . All joints were broken at the maximum tensile shear load. According to Fig.6 , tensile shear failure load decreased with increasing plunge speed in specimen welded at plunge depth, D p = 0.7 mm within the lower plunge speed conditions (5 and 10 mm/min). It is speculated that lower plunge speed provides sufficient heat to be formed at the interface thus enlarge welded area and simultaneously increased failure load. In contrast, the joined specimens welded at plunge depth, D p = 0.4 mm have resulted almost constant failure load regardless of plunge speed. It is believed that formation of bubbles in the welding region may influence the tensile shear failure load of the joined specimens. Therefore, the illustrations of the bubbles distribution in the joined specimens observed from PET side are shown in Fig. 7 . The outer solid line in the figure shows area of molten or softened PET. It was observed that the most of the bubbles were mainly formed in the center (tool area) of the welded area and this indicates high heat was generated during tool rotating. In case of the specimen welded at low plunge depth (D p = 0.4 mm), the bubbles were rather small and the bubbles were mainly accumulated at the tool region for all specimens. Meanwhile for the specimen welded at deeper plunge depth (D p = 0.7 mm), the size of bubbles were randomly mixed and the bubbles were densely distributed in the welding region especially for joined specimens welded at plunge speed of 5 and 10 mm/min. It is considered that bubble
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Plunge speed, mm/min nucleation during the welding process may influence the shear failure load of the joined specimens. Katayama et. al show mechanism of laser welding between a plastic and a metal (2) . Bubbles formed during laser welding process induce high pressure and push softened and molten plastics on to metal surface. The effect of variations of plunge speed on the joining strength is shown in Fig. 8 . The strength shown in Fig.8 was calculated by the failure load divided by size of the welded area. In the figure, strengths of the joints were very low compared to tensile strength of the PET (49 MPa in the catalog data), even if the difference of loading mode is taken into account. It will need to obtain large welding area to carry the load applied in a practical application. On the other hand, this joining method is still applicable to functional application, such as protection from chemical attacking, insulation of electricity, sealing purpose, etc. Figure 8 shows that joints possessed the similar joining strength regardless of the plunge speed and the plunge depth. However, it is speculated that the joining strength in the welded area is not uniform, according to fracture surface observations as shown in Fig. 9 . It was observed from the figure, PET was tightly attached around the tool region on the A5052 surface. It is presumed that an intimate contact occurred at these regions and contributed effectively on the joining strength of the joint. This is a possible reason to obtain the similar joining strength for the joints welded with plunge depth of D p = 0.4mm, even size of the apparent welded area were varied but in small variation of the failure load. Strength of the joint was calculated again by that dividing the failure load by the size of bubbles formed area as shown inner dashed line in Fig.7 . Relationship between the strength calculated by the area of bubbles formed and the plunge speed is shown in Fig.10 . The strengths calculated by using the area of bubbles formed are still lower compared to strength of the base materials. According to Fig.10 , the strength increased with increase in the plunge speed for both plunge depth D p =0.4 and 0.7mm. Higher strength was obtained for joints joined at D p =0.4mm compared to the joints joined at D p =0.7mm. These results mean that the strength decreased with increase in heat input. Higher temperature at the joining area might be induced by higher heat input and could lead formation of bubbles significantly. Difference in joining strength at different place inside of the welded area is not clear, however, it is considered that exact welded area might be not defined only by the area of bubbles formed and the role of bubbles could not be only increasing the strength.
Higher heat input, namely, lower plunge speed, may induce significant bubbles formation. The formation of bubbles can realize good contact at the interface and results in 
Strength calculated by the area of bubbles formed , MPa increasing joining strength. However in the same time, they also play as defects and decrease the strength. Heat input should be controlled to obtain an appropriate condition. In order to improve the joining strength by using an additional factor, surface modification will be a promising way, according to the joining mechanism discussed in the present study. Effect of surface condition on the joining strength will be shown in the future work. In another point of view for practical application, varying of strength was also important. In the present work, number of the tests was limited. It could be also necessary to evaluate stability and variation of the strength in the joint produced by the present method.
Summary
This study has determined the use of friction stir heating technique in the joining between A5052 and PET. In this study, the dissimilar material joint between A5052 and PET could successfully be produced using the present welding process. The joining strength obtained in this study was almost constant regardless of welding conditions and it was fall between 0.5 MPa -0.8 MPa. It was also found that the bubbles formation on vicinity of tool. It is believed that size and distribution of the bubbles would affect the joining strength.
